While finding a unified theory of quantum field theory and general relativity remains an elusive goal, much progress has been done recently in quantum gravity using effective field theory methods \[[@CR1]--[@CR15]\]. This approach enables one to perform model independent calculations in quantum gravity. The only restriction is that only physical processes taking place at energy scales below the Planck mass can be considered. This restriction is, however, not very constraining as this is the case for all practical purposes in particle physics, astrophysics and cosmology.

In this paper, we show that quantum gravity could provide a solution to the long standing problem of dark matter. There are overwhelming astrophysical and cosmological evidences that visible matter only constitutes a small fraction of the total matter of our universe and that most of it is a new form of non-relativistic dark matter which cannot be accounted for by the standard model of particle physics. Gravity could account for dark matter in two forms. The first gravitational dark matter candidates are primordial black holes, see e.g. \[[@CR16]\] for a recent review. They have been investigated for many years, and although the mass range for such objects to account for dark matter has shrunk quite a bit, they remain a viable option for dark matter, in particular Planckian mass black hole remnants are good dark matter candidates. Here we discuss a second class of candidates within the realm on quantum gravity. Recent work in quantum gravity has established in a model independent way that the spectrum of quantum gravity involves, beyond the massless gravitational field already observed in the form of gravitational waves, two new massive fields \[[@CR12]\]. Their properties can be derived from the effective action for quantum gravity. We will show here that these new fields are ideal dark matter candidates.

Deriving an effective action for quantum gravity requires starting from general relativity and integrating out fluctuations of the graviton. Doing so, we obtain a classical effective action given at second order in curvature by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {R}_{\mu \nu \rho \sigma }$$\end{document}$ are respectively the Ricci scalar, the Ricci tensor and the Riemann tensor. The cosmological constant is denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _i$$\end{document}$ are renormalization scales which in principle could be different, we shall however take $\documentclass[12pt]{minimal}
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                \begin{document}$$L_{SM}$$\end{document}$ contains all of the matter we know of and $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\star $$\end{document}$ is the energy scale up to which we can trust the effective field theory. The term $\documentclass[12pt]{minimal}
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                \begin{document}$$\Box \mathcal {R}$$\end{document}$ is a total derivative and thus does not contribute to the equation of motions.

Remarkably, the values of the parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$b_i$$\end{document}$ are calculable from first principles and are model independent predictions of quantum gravity, see e.g. \[[@CR17]\] and references therein. They are related to the number of fields that have been integrated out. The non-renormalizability of the effective action is reflected in the fact that we cannot predict the coefficients $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_i$$\end{document}$ which, in this framework, have to be measured in experiments or observations. There will be new $\documentclass[12pt]{minimal}
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                \begin{document}$$c_i$$\end{document}$ appearing at every order in the curvature expansion performed when deriving this effective action and we thus would have to measure an infinite number of parameters. Despite this fact, the effective theory leads to falsifiable predictions as the coefficients $\documentclass[12pt]{minimal}
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                \begin{document}$$b_i$$\end{document}$ of non-local operators are, as explained previously, calculable.

In \[[@CR11], [@CR15]\], it was shown how to identify the new degrees of freedom by finding the poles of the Green's function obtained by varying the linearized version of the action given in Eq. ([1](#Equ1){ref-type=""}) with respect to the metric. Besides the usual massless pole, one finds two pair of complex poles. The complex pole for the massive spin-2 object is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa ^2=32 \pi G$$\end{document}$, *G* is Newton's constant. The $\documentclass[12pt]{minimal}
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                \begin{document}$$b_i$$\end{document}$ for the graviton are known: $\documentclass[12pt]{minimal}
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                \begin{document}$$c_i$$\end{document}$ are large, the masses $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0$$\end{document}$ will be close to the Planck mass $\documentclass[12pt]{minimal}
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                \begin{document}$$M_P$$\end{document}$ and the corresponding fields will decay almost instantaneously \[[@CR12]\]. As we are interested in the case where the new fields are light, it is useful to consider the limit where the $\documentclass[12pt]{minimal}
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                \begin{document}$$b_i\ll c_i$$\end{document}$. In that case we can rewrite the masses as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} m_2^2&= -\frac{2}{ \kappa ^2 c_2} - i \pi \frac{2}{ \kappa ^2 c_2^2} (b_2+ 4 b_3), \end{aligned}$$\end{document}$$so we need to pick $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} m_0^2&= \frac{1}{ \kappa ^2 (3 c_1+c_2)} - i \pi \frac{1}{ \kappa ^2 (3 c_1+c_2)^2} (3 b_1+b_2+ b_3), \end{aligned}$$\end{document}$$where we assumed that the renormalization scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \sim 1/\kappa $$\end{document}$, i.e. we assume that the effective field theory is valid up to the reduced Planck scale. As done in \[[@CR12]\], we can identify the mass and width of the respective field using $\documentclass[12pt]{minimal}
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                \begin{document}$$m^2_{i}=(M_{i}-i \Gamma _{i}/2)^2$$\end{document}$. Note that the complex conjugate solutions $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0^\star $$\end{document}$ which lead to a positive sign between the mass and the width in the propagator can be eliminated by a proper choice of the contour integral, i.e. of boundary conditions \[[@CR14]\], in full analogy with the usual $\documentclass[12pt]{minimal}
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                \begin{document}$$i\epsilon $$\end{document}$ procedure which enables one to select the causal behavior of the Green's function.

We can now express the width in terms of the mass of the field. For the massive spin-2 field *k*, we find$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} M_2&=\sqrt{\frac{2}{c_2}} \frac{M_{P}}{2}, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$M_{P}=2.435\times 10^{18}$$\end{document}$ GeV is the reduced Planck mass. The widths $\documentclass[12pt]{minimal}
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                \begin{document}$$\Gamma _2$$\end{document}$ are the gravitational widths for the decay of the massive spin-2 and spin-0 classical modes into the classical graviton.

To obtain the total width, we need to include the decay modes into particles of the standard model. The coupling of the two states to the standard model Lagrangian has been worked out in \[[@CR15]\]. One has$$\documentclass[12pt]{minimal}
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The decay width of the scalar mode $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ into massive vectors fields *V*, such as the W and Z bosons, is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ couples to the trace of the energy-momentum tensor of the standard model and it thus does not couple to massless gauge bosons at tree level, it will couple to the photon and the gluons at one loop. In particular the decay width into two photons is given by \[[@CR20], [@CR21]\]$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \Gamma (\sigma \rightarrow h h)= \frac{M_0^3}{48 \pi M_{P}^2} \left( 1- 4 r_h \right) ^{1/2} \left( 1+ 2 r_h \right) ^2, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$r_h=(m_h/M_0)^2$$\end{document}$.

It is also straightforward to calculate the partial decay widths of the spin-2 object *k*. Its partial width to massless vector fields is given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$N=8$$\end{document}$ for gluons. In the case of massive massive vector fields, one has$$\documentclass[12pt]{minimal}
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If the massive spin-0 and spin-2 fields are components of the dark matter content of the universe nowadays, their masses have to be such that none of these partial decay widths should enable these fields to decay faster than the current age of the universe. From the requirement that the lifetime of the spin-0 $\documentclass[12pt]{minimal}
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                \begin{document}$$M_2$$\end{document}$. Clearly such light dark matter candidates could not decay to the massive gauge bosons of the standard model, its charged leptons such as the electron or the quarks. They could however decay to gluons (during the deconfinement phase of the early Universe), photons and potentially neutrinos. The decay to photons might be of astrophysical relevance and could be observable by gamma-ray experiments. Note, however, that decay widths of the dark matter candidates to photons are smaller than the respective gravitational ones. It is also worth mentioning that the decay to neutrinos can be as rapid as the gravitational modes if again neutrino masses are low enough.

While we have established that quantum gravity provides two new candidates for dark matter, it remains to investigate their production mechanism. Thermal production is a possibility, but we would have to consider all higher order operators as we would need to consider temperatures larger than the Planck mass $\documentclass[12pt]{minimal}
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                \begin{document}$$<m_{DM}< 10^{11}$$\end{document}$ GeV \[[@CR22]\] and it is not compatible with our ranges for the masses of our candidates. The fact that our dark matter candidates are light points towards the vacuum misalignment mechanism, see e.g. \[[@CR23]\]. Indeed, in an expanding universe both $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ and *k* have an effective potential in which they oscillate. The amount of dark matter produced by this mechanism becomes simply a randomly chosen initial condition for the value of the field in our patch of the universe. In \[[@CR24]\], it was shown that the vacuum misalignment mechanism leads to the correct dark matter abundance $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$ if the dark matter field takes large values in the early universe. For example, a dark matter field with a mass in the eV region would need to take values of the order of $\documentclass[12pt]{minimal}
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                \begin{document}$$10^{11}$$\end{document}$ GeV to account for all of the dark matter in today's universe \[[@CR24]\].

In summary, we have shown that gravity, when quantized, provides new dark matter candidates. As these fields must live long enough to still be around in today's universe their masses must be light otherwise they would have decayed long ago. It is quite possible that gravity can account for all of dark matter in the form of primordial black holes and the new fields discussed in this paper without the need for new physics.
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